Abstract: State-of-the-art vertical-cavity surface-emitting laser (VCSEL) technology will be reviewed in terms of power consumption and reliability to realize the energy-efficient highperformance computing (HPC) and data centers. Intermediate wavelength (between short and long wavelength) VCSELs emitting at 1060 nm are promising candidates for the upcoming higher performance computing with energy saving.
Introduction
Importance of green Information and Communication Technology (ICT) is expanding, especially to high-performance computing (HPC) and data center architecture for power usage effectiveness. The performance of HPC is growing rapidly with an improvement factor of 10 times in every four years, or 1000 times per 10 years, and it is predicted to reach one Exaflops in 2018 [1] . At the same time, energy consumption has to be reduced; therefore, new technologies will be needed to meet the BNext Generation HPC[ system requirements. To catch up with increasing demands for higher bandwidth with lower power consumption, optical interconnect using parallel optical link called active optical cable (AOC) has been recognized as a promising solution. Arrayed vertical-cavity surfaceemitting lasers (VCSELs) [2] are widely used in this application. 850-nm VCSELs have been used for these applications. On the other hand, intermediate wavelength VCSELs have been intensively investigated to meet the urgent requirements for higher speed, lower consumption, and higher reliability, which will be indispensable in the HPC with 10 Petaflops or more.
VCSELs with InGaAs/GaAs strained-layer quantum wells (SL-QW) with an emission wavelength of 980-1060 nm have been anticipated to exhibit better reliability, higher modulation speed [3] , and lower power consumption [5] , [6] . Power dissipations for VCSELs, for example, are shown in Fig. 1 as a function of wavelength. Lower power dissipation was achieved for InGaAs VCSELs. An extremely low power dissipation of 81 fJ/bit was reported for an 850-nm VCSEL using InGaAs SL-QW [9] . The transmitter with low power consumption using 1060 nm has also been reported from IBM [10] . In addition to the low power dissipation, thanks to inherent advantages in InGaAs/ GaAs system, high modulation of 44 Gbps and high reliability of 30 Fits were reported. In this paper, 980-1060-nm VCSELs with InGaAs SL-QW will be reviewed in terms of power consumption and reliability.
Approach for Lower Power Dissipation
The power dissipation P diss is given by
, where I f is the forward current, V f is the corresponding voltage, P out is the light output power at I f , V th is the threshold voltage, and R d is the series resistance. From the above equation, the approach for power dissipation is summarized in Fig. 2 .
Low power dissipation can be mainly attributed to the introduction of InGaAs SL-QW and VCSEL structure called double intracavity (DIC) [11] . High-performance laser characteristics were reported in highly strained InGaAs QW in the wavelength range of 1.1-1.2 m [12], [13] . Large material gain as well as large differential gain can be expected from InGaAs SL-QW with an emission wavelength of 1060 nm [3] , which results in lower threshold current, thus low bias current. Smaller energy gap material (InGaAs SL-QW) for lower threshold voltage, together with a current injection mechanism and low electric resistance, enables us to achieve low forward voltage. Reduced optical loss and, thus, high output power can be realized by employing DIC structure to minimize overlap volume of current path and optical mode. Throughout the careful optimization of the DIC structure, we have achieved both low optical loss and low series resistance. The detailed explanation can be found in [14] . Fig. 3 shows a schematic drawing of our VCSEL structure. We used a nondoped semiconductor bottom DBR (AlGaAs/GaAs), InGaAs/GaAs SL-QWs, an oxidation layer, and a current spreading 
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VCSEL for Green Optical Interconnects layer. Our 1060-nm VCSEL with DIC structure consists of aluminum-free QW active layer and no current flow in the DBR, which lead to both highly reliable operation and low power consumption. We have achieved a recorded power conversion efficiency of 62% among VCSELs [15] . For 10-Gbps arrayed application, we have optimized the reflectivity of top DBR to let threshold current and slope efficiency be balanced, which lead to 0.3 mA of Ith, 0.35 W/A of slope efficiency, together with 50-70 of temperature independent series resistance at 3 mA. An example of L-I-V characteristics is shown in Fig. 4 for a 12-channel VCSEL array. A very high uniformity was obtained. It should be noted that I-V characteristics of our VCSEL have less temperature dependence due to the fact that no current flows in DBR region. Reliability issue is one of the great concern in high speed (over 10 Gbps/ch) parallel application. 980-nm InGaAs SL-QW material has been proven to the telecom-grade as high power pump inplane lasers. A systematic reliability study for the 10-Gbps 1060-nm VCSELs has been performed [12] . Table 1 shows the detail information of the aging time, number of samples, and device hours. The Estimated Failure in term (FIT) number based on the Telcordia GR-468, which used the 0.35 eV of activation energy and no current accelerated factor in calculation, was 30 FIT/ch with a confidence level of 90%. The FIT number related to the wear-out test was estimated as 0.3 FIT/ch for 10 years service time and 1.1 FIT/ch for 20 years.
Generally speaking, 2-dB degradation in the optical power is used for the definition of the lifetime under constant current drive. The definition of the lifetime is applicable for the application for 1-4 Gbps because the resonance frequency for the bias current (several milliamps) is high enough for practical application; however, in the 10-Gbps or higher speed regime, the 3-dB 
VCSEL for Green Optical Interconnects bandwidth is close to application bandwidth and is influenced by the bias current normalized by the threshold current. If the threshold current is degraded, while the degradation of the output power is less than 2 dB, 10-Gbps operation is not always guaranteed. Therefore, the change in the threshold current as well as output power over aging time are important parameters to determine the lifetime. This would be more severe in array application, in which failure of one VCSEL leads to the failures of the products. We performed eye diagram measurement before and after the aging test at 120 C, 6 mA for 5000 hours. Identical eye patterns both 10 and 20 Gbps were confirmed at same modulation condition [14] . The eye diagrams for 10 Gbps before (a) and after (b) the aging test are shown in Fig. 5 under the identical modulation condition. No degradation in the eye diagram was observed. The threshold current change of the VCSEL during the aging test was less than 5%.
Summary
InGaAs 1060-nm BDouble-green VCSEL[ arrays definitely play an important role in the nextgeneration power effective HPC and data center to meet indispensable requirements of power consumption, speed, and reliability. Especially, the reliability test results verified using lots of VCSELs encourage us to promote the Bnew standard[ as the signal source for a 100-GbE parallel solution.
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